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Langerhans cells (LCs), the dendritic cells (DCs) in
skin epidermis, possess an exceptional life cycle
and developmental origin. Here we identified two
types of LCs, short-term and long-term LCs, which
transiently or stably reconstitute the LC compart-
ment, respectively. Short-term LCs developed from
Gr-1hi monocytes under inflammatory conditions
and occurred independently of the transcription
factor Id2. Long-term LCs arose from bone marrow
in steady state and were critically dependent on
Id2. Surface marker and gene expression analysis
positioned short-term LCs close to Gr-1hi mono-
cytes, which is indicative of their monocytic origin.
We also show that LC reconstitution after UV light
exposure occurs in two waves: an initial fast and
transient wave of Gr-1hi monocyte-derived short-
term LCs is followed by a second wave of steady-
state precursor-derived long-term LCs. Our data
demonstrate the presence of two types of LCs that
develop through different pathways in inflammation
and steady state.
INTRODUCTION
Dendritic cells (DCs) play a pivotal role as sentinels of the
immune surveillance system. They are professional antigen-pre-
senting cells involved in induction of immunity and maintenance
of tolerance (Steinman and Banchereau, 2007; Shortman and
Naik, 2007; Merad and Manz, 2009; Geissmann et al., 2010).
DCs occur throughout the entire body, especially in tissue that
serves as an interface to the environment, such as skin, airways,
and intestine, and in lymphoid tissues, such as spleen, thymus,
and lymph nodes (Shortman and Naik, 2007; Merad and Manz,
2009; Geissmann et al., 2010). So far, three major DC subsets
have been identified: tissue, interstitial, and dermal DCs (dDCs)I(frequently referred to as ‘‘conventional’’ DCs, cDCs); plasmacy-
toid DCs (pDCs); and epidermal Langerhans cells (LCs). All DC
subsets develop from hematopoietic stem cells in bone marrow
and these differentiation pathways, including the development of
various DC progenitors, have been studied (D’Amico and Wu,
2003; Fogg et al., 2006; Zenke and Hieronymus, 2006; Onai
et al., 2007; Naik et al., 2007; Merad et al., 2008; Chorro et al.,
2009; Liu et al., 2009; Chorro and Geissmann, 2010).
LCs are recognized as a distinct DC subset that comprises
about 2%–3% of epidermal cells (Romani et al., 2003; Kissenp-
fennig andMalissen, 2006). Because of their specialized location
in skin, LCs constitute the first immune barrier for invading path-
ogens but have also been implicated in tolerance induction (Kis-
senpfennig and Malissen, 2006; Bennett and Clausen, 2007).
LCs express CD11c, MHC class II, DEC-205 (CD205), and the
endocytic receptor langerin (CD207) (Romani et al., 2003). Lan-
gerin is involved in specific intracellular structures, referred to
as Birbeck granules, that represent a hallmark of LCs (Valladeau
et al., 2000; Kissenpfennig and Malissen, 2006). Langerin is not
exclusively confined to epidermal LCs but is also expressed in
a subset of dermal DCs (Bursch et al., 2007; Ginhoux et al.,
2007; Poulin et al., 2007).
Although much is known about LC activation and trafficking
toward the skin-draining lymph nodes, understanding of the
developmental origin of LCs and the differentiation factors
involved is limited (Zenke and Hieronymus, 2006; Merad et al.,
2008). It was shown that LCs are maintained by local long-lived
precursors that seed skin during embryonic development and
self-renew under steady-state conditions (Merad et al., 2002;
Chang-Rodriguez et al., 2005; Chorro et al., 2009; Schuster
et al., 2009). During inflammation, LCs emigrate from skin and
are replaced by circulating Gr-1hi monocytic LC precursors
that are recruited from blood (Ginhoux et al., 2006).
Several gene-deficient mouse models provided insights into
the molecular pathways that are important for LC development
(Zenke and Hieronymus, 2006; Merad and Manz, 2009; Geiss-
mann et al., 2010). Mice deficient for the transcription regulator
Id2 (inhibitor of differentiation and DNA binding 2) lack LCs and
langerin+CD103+ DCs and have a severe reduction in splenicmmunity 37, 905–916, November 16, 2012 ª2012 Elsevier Inc. 905
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et al., 2009). We demonstrated before that TGF-b1 induces
expression of Id2 (Hacker et al., 2003) and Tgfb1/ mice also
lack LCs (Borkowski et al., 1996; Kaplan et al., 2007). Addition-
ally, Id2 is also important for DC subset specification (Spits
et al., 2000; Heinz et al., 2006; Jackson et al., 2011).
Here we showed that two types of LCs, long-term and short-
term LCs, developed through different pathways in steady state
and inflammation, respectively. In steady state, Id2+/+ but not
Id2/ bone marrow cells repopulate LCs in epidermis of
Id2/mice. Under inflammatory conditions, Id2/Gr-1hi mono-
cytic precursor cells were recruited to skin, giving rise to
langerin+ short-term LCs but not langerin+ dermal DCs. Adoptive
transfer studies in Ccr2/Ccr6/ mice and NOD-SCID Il2rgnull
(NSG) mice further substantiated the transient LC repopulation
capacity of Gr-1hi monocytes. Upon inflammation, LC repopula-
tion occurred in a fast initial wave of short-term LCs followed
by a second wave of long-term LCs. We showed that long-
term LC development is Id2 dependent during ontogeny and in
steady state, whereas short-term LCs developed independently
of Id2 under inflammatory conditions.
RESULTS
LCDeficiency in Id2–/–Mice Is Rescuedby LCPrecursors
in Adult Id2+/+ Bone Marrow
Id2/ mice lacked LCs as determined by immunohistochem-
istry and flow cytometry of epidermal sheets stained with MHC
class II (MHC-II)-, CD11c-, and langerin (CD207)-specific anti-
bodies (Figures S1A and S1B available online; Hacker et al.,
2003). A subpopulation of dDCs also expresses langerin (Bursch
et al., 2007; Ginhoux et al., 2007; Poulin et al., 2007). Therefore,
we analyzed the dermis of Id2/ and Id2+/+ mice by flow cytom-
etry with dDC markers including CD11c, MHC-II, langerin,
CD205 (DEC205), and CD209 (DC-SIGN) (Figure S1C). Langerin+
dDCswere detected in dermis of Id2+/+ mice but these cells were
absent in Id2/ mice (Figure S1C), consistent with a previous
study (Ginhoux et al., 2009). In contrast, langerin dDCs were
present at similar levels in Id2/ and Id2+/+ mice (Figure S1C).
Next, we explored whether the LC deficiency in Id2/ mice
results from impairment of the hematopoietic compartment.
Therefore, we determined whether Id2+/+ bone marrow contains
LC precursors, which give rise to LCs in Id2/ epidermis. To this
end, lethally irradiated Id2/micewere reconstituted with Id2+/+
bonemarrow cells. Analysis of epidermal ear sheets 1 week after
transfer revealed the appearance of MHC-II+ cells with a patchy
distribution (Figure 1A). This suggests that LC repopulation
occurs from a limited number of immigrated precursors. With
respect to morphology and distribution, the newly emerging
LCs were indistinguishable from endogenous LCs of untreated
animals (Figures 1A and S1A).
Kinetic studies of LC reconstitution revealed an increase in LC
number in time (Figure 1B). Moreover, like in ontogeny, langerin
expression was delayed compared to MHC-II (Figure 1B; Tripp
et al., 2004; Chorro et al., 2009). MHC-II expression was
observed already after 1 week, whereas prominent langerin
expression was not seen until 2–3 weeks after transplantation
(Figures 1A and 1B). Bone marrow-derived LCs remained in
skin for more than 3 months. Injection of Id2/ bone marrow906 Immunity 37, 905–916, November 16, 2012 ª2012 Elsevier Inc.cells, used as a negative control, did not repopulate LCs
(Figure 1A).
These data demonstrate that the deficiency of LCs in Id2/
mice results from impairment in the hematopoietic compart-
ment. Moreover, these data showed that in adult Id2+/+ mice,
LC precursors exist in bone marrow, which give rise to long-
term repopulating LCs.
Id2–/–Gr-1hi Monocytes Develop Normally and Colonize
Epidermis upon Inflammation
Blood Gr-1hi monocytes are recruited to inflamed skin and
develop into LCs (Ginhoux et al., 2006). Thus, Gr-1hi monocytes
serve as LC precursors and monocyte deficiency in Id2/ mice
might explain the lack of LCs in epidermis. Therefore, we
analyzed monocyte subsets in peripheral blood of Id2/ and
Id2+/+ mice. Monocytes were identified as leukocytes with
low side scatter that coexpress CD11b and CD115 and their
number was similar in Id2/ and Id2+/+ mice (Figures 1C and
S1D). Monocytes were further divided into two subpopulations
according to their Gr-1 expression (Gr-1lo and Gr-1hi) (Fig-
ure 1C; Geissmann et al., 2003; Tacke et al., 2006). No significant
differences in the Gr-1hi monocyte population were observed
in Id2/ mice compared to WT littermates (Figures 1C and
S1D). Numbers of CD115+CD11b+Gr-1lo monocytes, which rep-
resent the more mature monocyte subset (Tacke and Randolph,
2006), were also unchanged in Id2/mice (Figures 1C andS1D).
Next we analyzed whether Id2/Gr-1hi monocytes are
capable of migrating into inflamed epidermis. Gr-1hi monocytes
were selectively labeled with fluorescent latex beads according
to an established protocol (Tacke et al., 2006). Analysis 24 hr
later indicated that almost 10%of Gr-1hi monocytes in peripheral
blood were labeled with FITC-latex beads and there was no
difference between Id2/ and Id2+/+ mice (Figure S1E). To
induce migration, labeling of Gr-1hi monocytes with latex beads
was followed 4 hr later by epicutaneous UV exposure as a stim-
ulus for acute skin injury (Merad et al., 2002). Five days after UV
treatment, epidermis and dermis were analyzed by flow cytom-
etry for the presence of latex bead-labeled Gr-1hi monocytes
at the site of inflammation. We observed a high influx of CD45+
cells at the site of inflammation for both Id2/ and Id2+/+ mice
(Figures 1D, S1F, and S1G) as compared to steady-state condi-
tions (Figure S1B). The majority of infiltrating CD45+ cells in
epidermis was Gr-1hi cells and a fraction thereof (2%–3%) was
latex bead positive (Figure 1D). This fraction of latex bead-
labeled cells was similar in Id2/ and Id2+/+ mice (Figure 1D).
Also dermis of UV-irradiated Id2/ and Id2+/+ mice contained
high numbers of infiltrated Gr-1hi and Gr-1lo cells with a popula-
tion being latex bead positive (Figure S1G). In skin that was pro-
tected from UV light (for example at the trunk), no infiltration of
CD45+ cells and no latex bead-positive cells were detected
(data not shown). Thus, Id2 is not required for development of
the Gr-1hi monocytic LC precursor and its UV-induced migration
into epidermis.
Id2–/–Gr-1hi Monocytes Are Precursors of LCs
Because the lack of Id2 did not compromise migration of Gr-1hi
monocytes into inflamed tissue, we analyzed whether the
infiltrated Id2/ monocytes differentiate into LCs. Id2/ and
Id2+/+ mice were exposed to UV light andwere analyzed 4weeks
Figure 1. Id2+/+ Bone Marrow Cells Recon-
stitute LCs in Id2–/– Mice and Id2+/+ and
Id2–/– Monocytes Infiltrate Epidermis
(A and B) LC reconstitution in lethally irradiated
Id2/ mice transplanted with Id2+/+ bone marrow
cells.
(A) Epidermal sheets were stained for MHC-II
(green) and DAPI (blue) 1 week after transfer.
Control, transplantation of Id2/ bonemarrow into
Id2/mice. Data are representative of at least four
independent experiments. Scale bars represent
50 mm.
(B) Kinetics of LC repopulation 1, 2, and 3
weeks after bone marrow transplantation. Epi-
dermal sheets were examined for LCs (CD45+
CD11c+langerin+) by flow cytometry (n = 2). Side
scatter, SSC.
(C) Gr-1lo and Gr-1hi monocytes (SSCloCD115+
CD11b+) in peripheral blood of Id2+/+ and Id2/
mice were analyzed by flow cytometry. Isotype
control, filled histogram.
(D) Gr-1hi monocytes of Id2+/+ and Id2/ mice
were labeled with FITC-conjugated latex beads
in vivo andmice were exposed to UV light 4 hr later.
Epidermal sheets were examined 5 days after
UV treatment for CD45+ cells and latex+Gr-1hi
monocytes by flow cytometry. The percentage of
FITC-latex bead-labeled Gr-1hi monocytes in
CD45+ cells is shown.
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single-cell suspensions revealed slightly increased numbers of
langerin+CD11c+ LCs in UV-treated Id2+/+ epidermis compared
to untreated Id2+/+ mice (Figure 2B). In agreement, microscopic
quantification of LCs in epidermal ear sheets indicated
a frequency of 1,003 ± 158 LCs per mm2 in UV-treated animals
compared to 833 ± 100 LCs per mm2 in untreated mice (mean
value ± SD, n = 6) (Figure S2A).
The epidermis of Id2/ mice was also repopulated by
langerin+CD11c+ LCs within 4 weeks after UV exposure (Fig-
ure 2A). However, these repopulated Id2/ LCs showed rather
low langerin expression compared to Id2+/+ LCs but full MHC-II
expression. Moreover, the frequency of CD45+ cells and LCs in
Id2/ epidermis was lower compared to Id2+/+ mice (190 ± 68
per mm2; mean value ± SD, n = 6; Figures 2A, 2B, and S2A).
TheUV-induced recurrence of langerin+CD11c+ LCs in epidermis
of Id2/mice is similar to the increase of LCs observed in Id2+/+
mice after UV treatment compared to untreated mice (Fig-
ure S2A). We also analyzed the dermis of Id2/ and Id2+/+
mice 4 weeks after UV irradiation. Langerin+ dDCs were not
repopulated within 4 weeks after UV irradiation in Id2/ miceImmunity 37, 905–916, N(Figure S2B). The population of CD11c+
MHC-II+langerin dDCs was not altered
in both Id2/ and Id2+/+ mice compared
to untreated animals (Figures S1C
and S2B). Thus, different mechanisms
account for repopulation of epidermal
LCs and langerin+ dDCs after skin injury.
To investigate whether the capacity of
Id2/Gr-1hi monocytes to generate
MHC-II+langerinlo LCs is cell intrinsic, wemade use of NSG mice that allow allogeneic cell transfer. NSG
mice are defective in CD115+CD11b+Gr-1hi monocytes (data
not shown). Gr-1hi monocytes were purified from Id2/ and
Id2+/+ bone marrow and adoptively transferred into UV-treated
NSG mice. Donor-derived cells were identified by CD45.2 and
MHC-II haplotype (I-A and I-E) expression. Three weeks after
adoptive transfer, flow cytometry analysis showed that Id2/
and Id2+/+ monocytes gave rise to LCs to a similar extent
(Figure 2C). This finding confirms that migration and seeding of
Gr-1hi monocytes into inflamed skin is independent of Id2
(see above Figures 1C and 1D). Recruited Id2+/+ LCs in NSG
mice displayed langerin expression, whereas Id2/ LCs
showed very low to no langerin expression (Figure 2C), which
is in line with LC repopulation in Id2/ and Id2+/+ mice after
UV treatment. Taken together, under inflammatory conditions
Id2/Gr-1hi monocytes give rise to LCs, which express low
amount of langerin.
Gr-1hi Monocytes Generate Short-Term LCs
LCs are known to be long lived under steady-state conditions
and to be maintained by radio-resistant local progenitors (Meradovember 16, 2012 ª2012 Elsevier Inc. 907
Figure 2. Short-Term LC Repopulation of Epidermis in Id2–/– Mice
under Inflammatory Conditions
(A and B) Short-term LC repopulation was examined in Id2+/+ and Id2/mice
4 weeks after UV irradiation by flow cytometry.
(A) LCs are gated as CD45+CD11c+MHC-II+langerin+ cells. MHC-II expression
(open histogram) is shown on CD45+CD11c+ cells. Isotype control, filled
histogram.
(B) CD45+ cells (left) and LCs (right) are shown as percentage of total cell
number before and 4 weeks after UV treatment (means ± SD, n = 4, *p < 0.02).
(C) Gr-1hi monocytes were purified from Id2+/+ and Id2/mice and adoptively
transferred into UV-treated NSG mice. Repopulation of LCs in epidermal
sheets was examined 3 weeks later by flow cytometry. Total CD45+SSClo cells
were analyzed for donor-derived CD45.2+MHC-II I-A/I-E+ cells. Langerin
expression by donor cells is shown as histogram (n = 2). Isotype control, filled
histogram.
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and therefore we investigated the long-term maintenance of
these newly generated Id2/ LCs in epidermis. Therefore,
epidermal sheets of Id2/ and Id2+/+ mice were analyzed
12 weeks after UV treatment. No MHC-II+ and langerin+ LCs
were found in Id2/ epidermis (Figures 3A and 3B). In Id2+/+
mice, the LC compartment 12 weeks after UV exposure was
identical to untreated Id2+/+ mice (Figures 3A, 3B, S1A, and
S1B). Thus, Id2/Gr-1hi monocytes do not yield long-term908 Immunity 37, 905–916, November 16, 2012 ª2012 Elsevier Inc.repopulation of the LC compartment in Id2/ epidermis. From
this, it is tempting to speculate that inflammation-induced LCs
are transient.
To test this hypothesis, we investigated the long-term repopu-
lating potential of WT Gr-1hi monocyte-derived LCs. We adop-
tively transferred CD45.1 WT Gr-1hi monocytes into Ccr2/
Ccr6/ mice. This setting allows efficient recruitment of donor
cells into epidermis compared to endogenous Ccr2/
Ccr6/Gr-1hi monocytes (Ginhoux et al., 2006). We observed
a patchy distribution of Gr-1hi monocyte-derived langerin+ cells
after 3 weeks, which is in line with previously published results
(Figure 3C; Ginhoux et al., 2006). However, 8 weeks after adop-
tive transfer and UV exposure, essentially all Gr-1hi monocyte-
derived langerin+ cells were lost (Figures 3C and 3D). Thus
indeed, recruitment and occurrence of Gr-1hi monocyte-derived
LCs in epidermis upon inflammation was transient. To distin-
guish short-lived inflammatory LCs from long-lived steady-state
LCs, we will refer to them as short-term and long-term LCs,
respectively.
Short-Term LCs Differ from Long-Term LCs by Surface
Marker and Gene Expression
As shown above, short-term LCs differ from long-term LCs as
they (1) occur transiently, (2) derive from a different precursor,
and (3) develop in the absence of Id2. Yet, short-term LCs are
located in epidermis and express langerin, CD11c, and MHC-
II, and thus share characteristics with long-term LCs. Therefore,
we focused on elucidating features, which discriminate short-
term from long-term LCs.
We reasoned that early after UV treatment, short-term and
long-term LCs should occur simultaneously in the epidermis.
To test this hypothesis, Id2+/+ mice were UV treated for 15 min
to induce mild skin inflammation and epidermis was analyzed
1, 2, or 3 weeks later. At 1 week after treatment, we found two
subsets of CD11c+ cells in epidermis, langerinhi and langerinlo
cells, which were present at similar frequency (Figure 4A). At
2 weeks after UV exposure, the relative abundance of langerinhi
cells had increased by 3-fold compared to langerinlo cells.
Finally, after 3 weeks, langerinhi cells predominated and langer-
inlo cells had largely disappeared from epidermis.
We then proceeded to induce mild skin inflammation in Id2/
mice and analyzed the epidermis 1, 2, and 3 weeks later.
CD11c+langerinlo cells clearly appeared in epidermis, but langer-
inhi cells were absent at any time point after UV treatment. These
data show that langerinlo cells represent the short-term LCs,
derived from Gr-1hi monocytes, whereas the langerinhi cells are
long-term LCs, derived from a steady-state precursor.
Next, we investigated the relationship between short-term
LCs and Gr-1hi monocytes and between long-term LCs and
steady-state LCs by flow cytometry. We selected a panel of 20
surface markers and analyzed their expression on Gr-1hi mono-
cytes and steady-state LCs from untreated Id2+/+ mice (Figures
4B and S3). In addition, we irradiated Id2+/+ and Id2/mice with
UV light and 1 week later we analyzed expression of the same
panel of surface markers on CD11c+langerinlo (Id2+/+ and
Id2/) and CD11c+langerinhi (Id2+/+) cells, representing short-
term and long-term LCs, respectively. The LC markers EpCAM,
CD24, and CD205 were more abundantly expressed by long-
term LCs, compared to short-term LCs or Gr-1hi monocytes
Figure 3. Gr-1hi Monocytes from Id2+/+ or Id2–/– Mice Lack Long-Term LC Repopulation Potential
(A and B) Long-term LC repopulation was examined in Id2+/+ and Id2/ mice 12 weeks after UV irradiation (n = 4).
(A) Epidermal sheets were analyzed by flow cytometry for LCs (CD45+CD11c+langerin+).
(B) Epidermal sheets were stained for MHC-II (green), langerin (red), and with DAPI (blue). Scale bars represent 50 mm.
(C and D) LC repopulation potential of CD45.1 WT monocytes was examined by adoptive transfer into Ccr2/Ccr6/mice. Analysis was done 3 and 8 weeks
after UV treatment and transfer.
(C) Epidermal sheets were stained for CD45.1+ donor cells (red) and langerin (green) (n = 4). Scale bars represent 50 mm.
(D) Bar diagrams display the number of CD45.1+ donor cells as percentage of CD45+CD11c+langerin+ cells (means ± SD, n = 4, *p < 0.02).
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inent expression on short-term LCs, at levels similar to those on
Gr-1hi monocytes (Figures 4B and S3).
We aimed at revealing similarity between the different cell
populations evaluated, so we performed hierarchical cluster
analysis on surface marker expression data. To this end, we
collected mean fluorescence intensity (MFI) values of an infor-
mative set of markers, i.e., those that were differently expressed
between Gr-1hi monocytes and LCs. These included CD205,
EpCAM, CD24, F4/80, CD11b, CD209, TLR4, Sirpa, and CD44
and expression data are presented in heatmap format (Fig-
ure 4C). Long-term LCs from UV-treated Id2+/+ mice clearly
cluster together with steady-state LCs from untreated Id2+/+
mice (Figure 4C, boxed). In contrast, short-term LCs from UV-
treated Id2+/+ and Id2/ mice appeared more related to Gr-1hi
monocytes. Of note, the surface marker expression of short-
term and long-term LCs remained essentially the same over
time after UV treatment (Figure 4C), indicating that they repre-
sent two distinct cell populations. Thus, long-term LCs are char-
acterized by high expression of langerin, CD24, and EpCAM,
which distinguishes them from short-term LCs. Short-term LCs
are characterized by another set of surface markers, which
puts them into close relationship to Gr-1hi monocytes.
To further extend this notion, we analyzed the chemokine
receptor CX3CR1, because CX3CR1 is expressed by Gr-1
hiImonocytes (Figure 4D; Geissmann et al., 2003) but not by LCs
(Figure 4D; Chorro et al., 2009). Cx3cr1GFP/+ mice were UV
treated and 1 and 3 weeks later epidermis was analyzed by
flow cytometry. Long-term LCs were negative for CX3CR1-
GFP, whereas short-term LCs clearly expressed CX3CR1-GFP,
which reflects their monocytic origin (Figure 4D).
We then proceeded to analyze the gene expression profiles of
short-term and long-term LCs, including also Gr-1hi monocytes.
Mice were UV treated and short-term and long-term LCs were
obtained by flow cytometry, with a panel of LC-specific anti-
bodies including CD24 and EpCAM (see Figures 4B and S3).
Monocytes and steady-state LCs from untreated mice were
used as control. Expression of the LC-specific gene Langerin
and the monocyte-related genes Klf4 and Tlr4 was analyzed by
quantitative RT-PCR (Figure 4E). We also analyzed the TGF-b1
target genes Smad7 and Id2 because TGF-b1 and Id2 impact
LC development. Long-term LCs showed a gene expression
pattern similar to steady-state LCs, characterized by high
Langerin and Smad7 expression and low Klf4 and Tlr4 expres-
sion (Figure 4E). In contrast, the gene expression in short-term
LCs resembled that of monocytes with low Langerin and high
Klf4. Accordingly, bidirectional hierarchical cluster analysis
places short-term LCs and Gr-1hi monocytes in one cluster
and long-term LCs and steady-state LCs in a separate cluster
(Figure 4F). Interestingly, the long-term LC cluster comprisesmmunity 37, 905–916, November 16, 2012 ª2012 Elsevier Inc. 909
Figure 4. Characterization of Short-Term and Long-Term LCs
Mice were exposed to UV light (15 min) and epidermis was analyzed 1, 2, or 3 weeks later.
(A) Single-cell suspensions of Id2+/+ and Id2/ mice were analyzed by flow cytometry. CD11c and langerin expression on CD45+ cells is shown.
(B) Surfacemarker expression on blood-derived Gr-1hi monocytes (SSCloCD45+CD115+Gr-1hi) and steady-state LCs (CD45+CD11c+MHC-II+) of untreated Id2+/+
mice as indicated (gray histograms). Surface marker expression on CD45+CD11c+ cells from Id2+/+ and Id2/ mice 1 week after UV exposure (red and blue
histograms, langerinhi and langerinlo cells, long-term LCs and short-term LCs, respectively). Isotype controls, open histograms.
(C) Normalized MFI values of surface marker expression were subjected to bidirectional hierarchical clustering and are presented in heatmap format. Blue,
expression below median; red, expression above median.
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(Takahara et al., 2002; Hacker et al., 2003; Ju et al., 2007; and
references therein).
Taken together, short-term and long-term LCs differ in surface
marker and gene expression, with short-term LCs exhibiting an
expression pattern similar to Gr-1hi monocytes.
Short-Term LCs Differ Phenotypically from Long-Term
LCs
To assess morphology and distribution of short-term and long-
term LCs, epidermal sheets of Id2/ and Id2+/+ mice were
stained with MHC-II- and langerin-specific antibodies 4 weeks
after UV exposure (Figure 5). The emerging LCs showed a patchy
distribution as described before (Ginhoux et al., 2006). MHC-II+
langerin+ LCs were observed in both Id2/ and Id2+/+ mice (Fig-
ure 5A). However, short-term LC density was lower in Id2/
mice compared to long-term LC density in Id2+/+ mice, which
is consistent with the data shown above (Figures 2A, 2B, 4A,
and S2A), and short-term LCs showed morphological differ-
ences compared to long-term LC control (Figure 5A).
To analyze this observation inmoredetail, short-termand long-
term LCs in epidermal sheets of Id2/ and Id2+/+ mice were
subjected to confocal laser-scanning microscopy. No apparent
differences were observed for the expression of MHC-II in
short-term and long-term LCs (Figure 5B). However, langerin
expression was reduced and showed a more homogeneous
distribution in short-term LCs compared to long-term LCs, as
determined by flow cytometry and immunofluorescence anal-
ysis, respectively (Figures 2A, 4A, and 5B). In short-term LCs,
MHC-II and langerin appeared to be expressed all over the cell
body, whereas in long-term LCs, MHC-II and langerin were
predominantly located to the perinuclear space (Figures 5B and
5C and Movies S1, S2, and S3), leading to the impression that
short-term LCs appear larger than long-term LCs (Figure 5A).
Colocalization analysis of MHC-II and langerin expression also
revealed different patterns in short-term and long-term LCs.
Long-term LCs exhibited colocalization primarily within the peri-
nuclear space. In contrast, short-term LCs displayed an almost
complete overlap of MHC-II and langerin not only within the peri-
nuclear space but also in the periphery and the peripheral cyto-
plasmic dendrites (Figures 5B and 5C and Movies S1, S2, and
S3). Additionally, this examination revealed that short-term LCs
consistently have more dendrites compared to long-term LCs,
although the entire cell dimensions were the same (Figure 5B).
LC Reconstitution after UV Occurs in Consecutive
Waves of Short-Term LCs and Long-Term LCs
Our results thus far suggest the existence of two different LC
populations, short-term LCs and long-term LCs, which repopu-
late the epidermis under inflammatory and steady-state condi-
tions, respectively. Moreover, our data indicate that short-term
and long-term LCs develop from different precursors. In addi-
tion, the experiments with Id2/ mice showed that Id2 is(D) Flow cytometry of epidermal single-cell suspension of UV-irradiated Cx3cr
short-term LCs are defined as EpCAMhi and EpCAMlo cells, respectively.
(E) Indicated cell populations were obtained by FACS (see Experimental Proce
averages of at least two independent sorting experiments and normalized to GA
(F) Heatmap representation of bidirectional hierarchical clustering of data shown
Idispensable for short-term LC development but is an essential
factor for development of long-term LCs. We then extended
the study of the two LC subsets and the role of Id2 in their devel-
opment in an additional mouse model. We transplanted bone
marrow of Id2/ and Id2+/+ mice (CD45.2+) into sublethally irra-
diated NSGmice (CD45.1+) (Figure S4A) so that Id2 deficiency is
solely confined to the hematopoietic system. This system allows
researchers to simultaneously analyze kinetics of donor and
recipient LC development.
After establishment of chimerism (3 weeks), mice were UV
treated and LC reconstitution by donor cells was analyzed 4
and 10 weeks later. At 4 weeks after UV exposure, CD45.2+
donor cells were observed in epidermis of all recipient NSG
mice reconstituted with Id2/ or Id2+/+ bone marrow (Figures
6A and 6B). Donor chimerism of leukocytes in epidermis
achieved up to 99.7% (average, 89.1%) (Figure S4B), whereas
in bone marrow, donor chimerism was on average 81.5% (data
not shown). In NSG mice transplanted with Id2+/+ bone marrow,
donor-derived CD11c+ cells separated into two distinct popula-
tions with low and high langerin expression, which represent
short-term and long-term LCs, respectively (Figures 6A and
6B). In contrast, in mice transplanted with Id2/ bone marrow,
donor-derived CD11c+ cells showed only low expression of lan-
gerin, representing short-term LCs (Figures 6A and 6B). This
result is similar to langerin expression in LCs of UV-treated
Id2/ mice (Figures 2A, 2C, and 4A). We note that recipient-
derived (CD45.1+) CD11c+ cells in epidermis showed low lan-
gerin expression at this time point (Figure 6B).
At 10 weeks after UV irradiation, mice transplanted with Id2+/+
bone marrow showed both donor- and recipient-derived
CD11c+ cells expressing langerin at high levels, representing
long-term LCs. In mice transplanted with Id2/ bone marrow,
the long-term LCs were solely derived from recipient precursors
(Figures 6B and S4B). Id2/ short-term LCs were largely dimin-
ished (Figure 6B).
We further characterized LCs in NSG mice transplanted with
Id2+/+ bone marrow 4 weeks after UV treatment. Donor-derived
short-term and long-term LCs were analyzed for expression of
the same panel of surfacemarkers used before (Figure 4). Recip-
ient-derived LCs served as control. We observed that CD11c+
langerinhi long-term LCs showed largely the same expression
pattern as recipient LCs, characterized by high expression of
EpCAM, CD24, and CD205 and by low expression of CD11b
(Figures 6C and S4C). In contrast, CD11c+langerinlo short-term
LCs showed high expression of CD11b and low expression of
EpCAM, CD24, andCD205. Thus, the surfacemarker expression
profile of short-term and long-term LCs in UV-treated Id2+/+ mice
and transplanted NSG mice is virtually identical (Figures 4B, 6C,
S3, and S4C).
We analyzed the morphology and distribution of donor-
derived LCs in NSG mice transplanted with Id2/ or Id2+/+
bone marrow. Epidermal sheets were double-stained with
donor-specific MHC-II (I-A and I-E) and langerin antibodies1GFP/+ mice. Cells are gated on CD45+CD11c+MHC-II+ cells. Long-term and
dures). Gene expression was analyzed by quantitative RT-PCR. Values are
PDH (error bars, SD; nR 2).
in (E). Color code as in (C).
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Figure 5. Phenotype of Long-Term and Short-Term LCs in Inflamed
Skin of Id2+/+ and Id2–/– Mice
Morphology of LCs in epidermal sheets was examined by fluorescence and
confocal microscopy 4 weeks after UV irradiation. MHC-II (green), langerin
(red), and DAPI (blue).
(A) Fluorescence microscopy of epidermal sheets of Id2+/+ and Id2/ mice
showing long-term and short-term LCs, respectively. In Id2/ sheets (bottom)
an extended exposure time was used to detect langerin expression, which is
low by FACS analysis (Figure 2A). Scale bars represent 50 mm.
Immunity
LC Development in Steady State and Inflammation
912 Immunity 37, 905–916, November 16, 2012 ª2012 Elsevier Inc.and subjected to confocal laser-scanning microscopy (Fig-
ure 6D). The results obtainedwere virtually identical to the results
for distribution andmorphology of short-term and long-term LCs
in epidermal sheets of Id2/ and Id2+/+ mice (Figure 5). First,
donor-derived LCs in NSG mice emerged in a patchy fashion
(data not shown and Figure 6D). Second, LC density was lower
in NSG mice transplanted with Id2/ bone marrow compared
to Id2+/+ bone marrow transplanted NSG mice, which is in line
with flow cytometry data (Figures 6B and 6D). Third, langerin
expression was lower in short-term LCs compared to long-
term LCs, whereas no differences were observed for the expres-
sion of MHC-II (Figure 6D). Fourth, MHC-II in short-term LCs is
distributed all over the cell body, whereas in the majority of
long-term LCs MHC-II is predominantly perinuclear (Figure 6D).
Fifth, such a differential distribution pattern was also observed
for langerin, which resulted in differential colocalization of
MHC-II and langerin in short-term and long-term LCs, respec-
tively (Figures 5B, 5C, and 6D).
These results show that LC reconstitution in NSG mice after
UV irradiation occurs in consecutive waves of short-term LCs
and long-term LCs. Furthermore, the results demonstrate that
Id2 is indispensable for long-term reconstitution of LCs.
DISCUSSION
Here we studied LC repopulation in steady state and inflamma-
tion. In steady state, adult bone marrow contains LC precursors,
which repopulate the LC compartment in LC-deficient Id2/
mice. This bone marrow-born LC repopulation is sustained,
thus representing long-term LCs. We also show that Gr-1hi
monocytes represent precursors of short-term LCs. We report
that after local inflammation, two consecutive waves of LC
repopulation give rise to short-term LCs and long-term LCs,
respectively. Additionally, long-term LC reconstitution but not
short-term reconstitution is dependent on Id2. We propose
a model where short-term and long-term LCs repopulate the
epidermis under inflammatory and steady-state conditions,
respectively.
A growing body of data indicates that LCs are unique in their
development compared to other DC subtypes. LCs are excep-
tionally long-lived cells and according to the prevailing concept
are maintained locally in skin without the need of a bone
marrow-derived precursor (Merad et al., 2002, 2008). LCs or
LC precursors can self-renew in the epidermis in steady state
because 2%–3% are in cell cycle (Merad et al., 2008). Further
studies suggest a local pool of proliferating hematopoietic
precursor cells that populate the skin during embryonic
development (Chang-Rodriguez et al., 2005; Chorro et al.,(B and C) Confocal microscopy of epidermal sheets of Id2+/+ and Id2/mice.
Detection of langerin was optimized by adjusting laser power to reveal langerin
and MHC-II subcelluar localization.
(B) Long-term LCs in steady state from untreated Id2+/+ (top). Long-term and
short-term LCs from Id2+/+ (middle) and Id2/ (bottom) mice, respectively,
4 weeks after UV irradiation. Scale bars represent 20 mm.
(C) Superimposed z stacks of long-term and short-term LCs in Id2+/+ and
Id2/ mice before and after UV treatment. Scale bars represent 2 mm.
Animated z stacks are provided as Movies S1, S2, and S3 online. Data shown
are representatives of at least four independent experiments.
Figure 6. LC Repopulation by Id2+/+ or Id2–/–
Bone Marrow Cells in NSG Mice
Id2+/+ and Id2/ bone marrow cells were trans-
planted into sublethally irradiated NSG mice. LC
reconstitution was examined 4 and 10 weeks after
UV irradiation.
(A–C) Donor-derived epidermal SSCloCD45+ cells
are gated and analyzed for CD45.2, langerin, and
CD11c expression.
(A) LC repopulation by Id2+/+ and Id2/ bone
marrow-derived cells (CD45.2+) 4 weeks after UV
irradiation.
(B) Langerin expression by CD11c+ cells, analyzed
4 and 10 weeks after UV irradiation, is shown as
histograms. CD45.2+ donor cells, black; CD45.1+
recipient cells, blue; isotype control, filled.
(C) Surface marker expression on Id2+/+ donor
langerinhi and langerinloCD11c+ cells, representing
long-term and short-term LCs (red and blue
histograms, respectively). Recipient LCs, gray
histograms; isotype controls, open histograms.
(D) Confocal microscopy of epidermal sheets from
NSG mice transplanted with Id2+/+ and Id2/
bone marrow 10 weeks after UV treatment. Of
note, longer exposure time was used to detect
langerin expression in epidermal sheets from NSG
mice transplanted with Id2/ bone marrow (lower
panel, see also Figure 5). Scale bars represent
50 mm. Data shown are representative of four
independent experiments.
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regulate LC development and homeostasis in the adult have
not been fully elucidated. Nor is it clear whether bone marrow-
resident LC precursors potentially contribute to LC maintenance
throughout life.
We took advantage of the absence of LCs in Id2/ mice to
study LC precursors in adult bone marrow. Id2/ mice trans-
planted with Id2+/+ bone marrow show LC seeding in epidermis
with a patchy appearance and differentiation kinetics, very
similar to what has been reported for LC development in
newborn mice, LC regeneration after UV light treatment, and
after Diphteria toxin receptor (DTR) ablation (Bennett et al.,
2005; Kissenpfennig et al., 2005; Ginhoux et al., 2006; Kaplan
et al., 2007; Kaplan, 2010). Thus, we show here that bone
marrow contains cells that have the capacity to generate long-
term LCs in adult life.
Mende et al. (2006) showed that both Flt3+ common myeloid
progenitors (CMP) and Flt3+ common lymphoid progenitors
(CLP) contain LC precursor activity. However, these studiesImmunity 37, 905–916, Nwere done under inflammatory con-
ditions and did not address the question
of whether skin-resident LC precursors
originate from Flt3+ precursors under
steady-state conditions. Previous studies
reported on clonogenic DC progenitors: a
Flt3+M-CSFR+CX3CR1
+ common macro-
phage and DC progenitor (MDP) (Fogg
et al., 2006; Waskow et al., 2008; Auffray
et al., 2009; Liu et al., 2009) and a Flt3+
c-kitintM-CSFR+ common DC progenitor(CDP) for cDCs and pDCs (Naik et al., 2007; Onai et al., 2007;
Liu et al., 2009). However, these studies did not address the
MDP or CDP potential to differentiate into LCs. In contrast, other
studies provide evidence of Flt3-independent LC development
during ontogeny (Chorro et al., 2009; Ginhoux et al., 2009).
Whether the fetal Flt3M-CSFR+CD11b+CX3CR1
+ LC precursor
in epidermis identified (Chorro et al., 2009) is Id2 dependent and
exists as a LC precursor in adult mouse bone marrow remains to
be elucidated.
Gr-1hi monocytes are LC precursors upon inflammatory
stimuli (Ginhoux et al., 2006). We showed here via adoptive
transfer of Gr-1hi monocytes into UV-irradiated Ccr2/Ccr6/
mice that Gr-1hi monocytes do not yield long-term repopulation
of LCs. Id2/Gr-1hi monocytes developed into LCs after UV
irradiation, indicating that LC generation under inflammation
does not require Id2. Also in this mouse model, LC repopulation
was transient. These studies extend previous work, which
analyzed LC repopulation by Gr-1hi monocytes up to 6 weeks
after transfer but not later (Ginhoux et al., 2006).ovember 16, 2012 ª2012 Elsevier Inc. 913
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DCs in other nonlymphoid tissues (Ginhoux et al., 2009). We
showed that Gr-1hi monocytes do not develop into langerin+
dDCs after UV irradiation in Id2/mice but give rise exclusively
to LCs. This argues against a common precursor for LCs and
langerin+ dDCs at least under inflammatory conditions. Nagao
et al. (2009) further support this conclusion, showing that LCs
and langerin+ dDCs develop from different precursors in lan-
gerin-DTR bone marrow chimeras. Thus, the question arises
whether the function of Id2 is the same in all Id2-dependent
DC subsets. Id2 was recently described to be generally ex-
pressed in all cDC subsets, including those not affected in the
Id2/ mice, such as CD4+ and double-negative DCs (Jackson
et al., 2011). Id2 expression was also found in monocytes (Jack-
son et al., 2011) and, as shown here, Id2/Gr-1hi monocytes re-
populate the LC compartment.
We propose that LC reconstitution after an inflammatory stim-
ulus occurs in two waves. A first wave occurs as an acute
response to inflammation, by infiltration of Gr-1hi monocytes
into the epidermis, which differentiate into MHC-II+langerinlo
LCs. This first wave is fast but transient. During the second
wave, inflammatory LCs are replaced by steady-state LCs,
derived from a local or bone marrow-born precursor. The first
inflammatory wave of LC reconstitution (short-term) is indepen-
dent of Id2, and the second steady-state wave (long-term) is Id2
dependent (Figure S5). At 1 week after induction of mild skin
inflammation by UV treatment, we indeed find coexistence of
short-term and long-term LCs. The number of short-term LCs
decreases rapidly in time, leaving the epidermis seeded with
long-term LCs only upon resolution of inflammation. In Id2/
mice, the steady-state LCs (and/or the steady-state LC
precursor) are lacking and after UV treatment only short-lived
inflammatory LCs develop.
Interestingly, the reconstitution kinetics of long-term LCs
(second wave) described here follows similar kinetics as re-
ported by Poulin et al. (2007) for LC repopulation under nonin-
flammatory conditions from bone marrow precursors in the
chimeric langerin-DTR mouse model. Additionally, the existence
of different LC precursors is also supported by a report onmono-
myeloid pre-LCs that give rise to a subpopulation of LCs but do
not yield full LC reconstitution (Nagao et al., 2012).
Short-term and long-term LCs differ phenotypically and
morphologically. They differ in expression of LC markers, such
as langerin, EpCAM, CD24, and CD205, which are abundantly
expressed by long-term LCs. Short-term LCs express CD11b
and CX3CR1, a prototypic monocyte surface marker, which is
lacking in steady-state adult LCs (Chorro et al., 2009) and
long-term LCs. Short-term LCs exhibit more dendrites in
epidermal sheets than long-term LCs. Moreover, short-term
LCs express lower levels of langerin and show a different distri-
bution of langerin and MHC-II in the cell compared to long-term
LCs. Short-term and long-term LCs also differ in their gene
expression profile. For example, the monocyte gene Klf4 is
abundantly expressed in short-term LCs and expression is lower
in long-term LCs. All this might refer to remnants of the mono-
cytic origin of short-term LCs.
Langerin represents a TGF-b1 target gene (Takahara et al.,
2002; Ju et al., 2007) and thus TGF-b1 produced by the
surrounding keratinocytes might trigger langerin expression914 Immunity 37, 905–916, November 16, 2012 ª2012 Elsevier Inc.also in cells that are related but not identical to epidermal LCs.
This notion is in agreement with the finding that LCs produce
TGF-b1 and that autocrine TGF-b1 is required for steady-state
and long-term LC development (Kaplan et al., 2007; Bobr
et al., 2012). Accordingly, we find abundant expression of
Smad7, the prototypical TGF-b1 response gene, in long-term
LCs whereas Smad7 is poorly expressed in short-term LCs.
Our results corroborate the idea on the critical requirement of
TGF-b1 signaling for development and maintenance of steady-
state LCs. In contrast, TGF-b1 signaling appears to have an infe-
rior role for short-term LCs.
In conclusion, we provide evidence for the existence of two
types of LCs, short-term and long-term LCs. Short-term LCs
develop under inflammatory conditions from Gr-1hi monocytes
in an Id2-independent manner. Long-term LCs are derived
from steady-state precursors and need Id2. Taken together,
our findings emphasize the developmental plasticity observed
in DC development and reveal distinct mechanisms for LC devel-
opment under steady-state and inflammatory conditions.
EXPERIMENTAL PROCEDURES
Mice
Id2/ 129/Sv, CD45.1, NOD-SCID Il2rgnull (NSG), Cx3cr1GFP/+, and Ccr2/
Ccr6/ mice (Yokota et al., 1999; Geissmann et al., 2003; Hacker et al.,
2003; Ginhoux et al., 2006) were maintained under specific-pathogen-free
conditions in the central animal facility of the RWTH University Hospital
Aachen.
Animal Experiments
All animal experiments were approved by local authorities in compliance
with the German animal protection law. Transplantation of bone marrow cells
(Hieronymus et al., 2005) and adoptive transfer of Gr-1hi monocytes into recip-
ient mice (Ginhoux et al., 2006) and in vivo labeling of blood monocytes with
FITC-latex beads (Tacke et al., 2006) were performed as previously described.
For details, see Supplemental Experimental Procedures online.
Flow Cytometry
Multicolor staining for flow cytometry was carried out as described (Hierony-
mus et al., 2005). Details on antibodies and staining procedures are available
in Supplemental Experimental Procedures online. Flow cytometry data were
analyzed with FlowJo software (Tree Star). MFI values were normalized to
MFI values of isotype controls and subjected to bidirectional hierarchical
cluster analysis with R software (R Development Core Team, 2012).
LC Analysis in Normal and Inflamed Skin
Sex- and age-matched Id2+/+ and Id2/ mice, Ccr2/Ccr6/ mice, and
NSG mice were exposed to UV-C light for 30 min to induce ear skin inflamma-
tion as described (Merad et al., 2002) or left untreated. To induce mild inflam-
mation, exposure time was adjusted to 15 min. For flow cytometry analysis,
ears were split into dorsal and ventral halves and incubated in 0.5% trypsin-
EDTA (GIBCO) for 60min at 37C to allow separation of epidermis from dermis.
Dermal and epidermal single-cell suspensions were obtained by digestion with
collagenase V (1 mg/ml, Sigma-Aldrich) for 30 min at 37C and the presence of
LCs, dDCs, and Gr-1hi monocytes were assessed. To determine LC density
and morphology, epidermal sheets were prepared for immunofluorescence
microscopy as described in detail in Supplemental Experimental Procedures
online.
Confocal Laser-Scanning Microscopy
Confocal imaging of epidermal sheets was carried out on a LSM 510 or LSM
710 confocal microscope (Zeiss). Image processing was done with the Zeiss
ZEN 2009 software. The images shown represent confocal slices of 1 mm.
Superimposed animated z stacks are available as Movies S1, S2, and S3
online. For details, see Supplemental Experimental Procedures online.
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Single-cell suspensions from epidermis were prepared as described above.
Steady-state LCs were sorted from untreated Id2+/+ mice as CD45+MHC-II+
CD11c+CD3EpCAMhi cells. For sorting short-term and long-term LCs,
Id2+/+ mice were UV irradiated and 1 week later the CD45+MHC-II+CD11c+
CD3 cell population from epidermis was divided into CD24hiEpCAMhi LCs
(long-term) and CD24loEpCAMlo LCs (short-term). Epidermal cells from three
mice were pooled each time for sorting LCs. Gr-1hi monocytes from bone
marrow or peripheral blood of Id2+/+ and Id2/ were sorted as CD45+Gr-1+
CD115+CD62L+ cells. All cell sorting was done on a FACSAria device (BD
Biosciences) and cells were directly sorted into 350 ml lysis buffer for subse-
quent RNA isolation and real-time PCR analysis. For details, see Supplemental
Experimental Procedures online.
Statistics
All numerical data were analyzed for significance by Student’s t test with
SigmaPlot software (Systat Software Inc.). p values below 0.05 were consid-
ered to be significant.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, one table, and three movies and can be found with this article
online at http://dx.doi.org/10.1016/j.immuni.2012.07.019.
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